A nucleic acid affinity matrix containing a short oligodeoxynucleotide ligand has been prepared as an example of a material which can be used for the rapid and effective isolation of sequence specific DNA binding proteins. Two complementary oligodeoxynucleotides have been employed, one of which contains a small 5'-spacer arm with a terminal thiol group. Using this terminal thiol group, the ligand can be covalently coupled to Tresyl-activated Sepharose 4B or Epoxy-activated Sepharose 6B via a thioether linkage. This approach allows the specific attachment of the nucleic acid ligand via its 5-terminus to the insoluble matrix. The double stranded affinity material was obtained by annealing of the complementary DNA fragment. As an example, we have used an eicosomer affinity column containing the sequence d(GAATTC) for the isolation of the Eco Rl restriction endonuclease. Using a single column, the enyzme could be isolated by eluting the column with a single step or multistep gradient of increasing salt concentration. The enzyme was purified to 75%-85% homogeneity with yields of 0.1 mg to 0.2 mg from 0.5 g of cell paste.
INTRODUCTION
A wide variety of proteins, including polymerases and repressor proteins as well as restriction and modification enzymes, are able to locate their recognition or initiation sites within the large background of sequences present in chromosomal DNA. The high degree of nucleic acid sequence selectivity observed with these proteins is a property potentially advantageous for their rapid purification. Isolation procedures using affinity chromatography commonly employ a substrate or substrate analogue for specific interaction with the enzyme of interest. A matrix bound nucleic acid sequence can be viewed as a specific ligand for the selection of either a sequence specific binding protein or a complementary nucleic acid from a complex mixture of biomolecules. This approach has been more commonly used in the latter case for the isolation of mRNA sequences (1 -3) . However, the use of matrix bound tRNAs for the isolation of the corresponding aminoacyl tRNA synthetases (4,5) has been described and, more recently, similar materials containing specific sequences of double stranded DNA have been employed for protein isolation (6) (7) (8) .
One of the earliest and most popular bioselective adsorbents containing a nucleic acid is DNA cellulose (9, 10) . DNA adsorbed on cellulose has been used to isolate DNA (9) and RNA (10) polymerases. These matrices are typically non-specific, in that the nucleic acid ligand is of undefined sequence. The DNA ligand in this material is either physically entrapped within the matrix of cellulose fibers (9) or, covalently bound using ultraviolet light (10) . Using a plasmid DNA with multiple binding sites, the former method has been recently extended to exploit sequence specific interactions (6) .
Polynucleotides have also been used as matrix bound ligands for affinity chromatography. The most common polynucleotide affinity matrices are those containing poly dT or poly U (1-3) for the isolation of eucaryotic mRNAs. These materials rely on complementary nucleobase interactions between the matrix bound polymer and the 3'-terminal poly A sequence associated with eucaryotic mRNAs. More recently, using brominated poly(dG-dC), a matrix could be prepared which contained the Z-form of DNA (11) . With this material, Z-DNA binding proteins were isolated from a partially purified protein extract from Drosophila (12) or a mammalian tumor cell line (13) . A splicesome complex has been isolated based upon its binding to a pre-mRNA (14) . However, in. this case the protein nucleic acid complex was prepared in solution and the interaction of a matrix bound streptavidin with the biotinylated pre-mRNA was used to isolate the complex.
There are relatively few examples of successful protein; isolation with nucleic acid matrices which employ short, matrix bound oligonucleotides. Oligo dT(-|2-18) cellulose was found to be more efficient than longer cellulose bound polymers in the isolation of murine leukemia virus RNA-dependent DNA polymerase. (15) . Recently, partially purified transcription factor Spl was further purified on a DNA affinity column composed of double stranded oligodeoxynucleotides containing the Spl recognition sequence which had been ligated to form multimers and covalently bound to cyanogen bromide activated Sepharose CL-25 (7) . In a similar approach two components of mammalian transcription factor IIIC were isolated (8) .
With most of the described procedures, the nucleic acid affinity columns are employed as one step of a multicolumn isolation procedure and it appears that nonspecific binding complicates the purification of the desired protein. We wish to report the preparation of a short double stranded oligodeoxynucleotide affinity matrix as an example a material which can be used for the rapid isolation of small quantities of sequence specific binding proteins. As an example we have prepared a column for the isolation of the restriction endonuclease Eco Rl from a crude protein fraction.
EXPERIMENTAL PROCEDURES

MATERIALS
S-Triphenylmethylmercaptan and 3-bromo-1-propanol were purchased from Aldrich Chemical Company (Milwaukee, Wl). Radioactive adenosine 5'-[Y- 32 P] triphosphate was obtained from New England Nuclear (Boston, MA). Scintillation fluid, Scintilene, was purchased from Fisher Scientific (Fairlawn, NJ). T4 polynucleotide kinase was purchased from Boehringer Mannheim (Indianapolis, IN). The Eco Rl endonuclease was produced in this lab from an overexpressing cell line M5248(pSCC2) obtained from Dr. Paul Modrich (Duke University) as described by Cheng et al- (16) . Some of the Eco Rl endonuclease and T4 DNA ligase was obtained from New England Biolabs (Beverly, MA). The protein assay kit was obtained from Bio-Rad (Richmond, CA). Dialysis tubing (12,000 to 14,000 M r cutoff) was from Spectrum Medical Industries (Los Angeles, CA). Tresyl-activated Sepharose 4B and Epoxy-activated Sepharose 6B were obtained from Pharmacia (Uppsala, Sweden).
HPLC was performed on a Beckman system which included two 114M model pumps coupled with a 163 Variable Wavelength Detector and controlled by a Beckman 421A controller and Beckman system organizer. Analytical HPLC was performed usina a reversed-phase column (4.6 x 250 mm) of ODS-Hypersil (particle size 5(im) supplied by Shandon Southern (Cheshire, England). Preparative HPLC was performed on a 9.4 x 250 mm column filled with the same material.
Thin layer chromatography employed on Kieselgel 60 F254 5 x 10 cm glass plates and liquid column chromatography was done with Kieselgel 60 (230 mesh) both from Merck (West Germany).
31 P-NMR spectra spectra were obtained on a
Varian XL300 operating at 121.5 MHz. Samples were dissolved in CDCI3 and 85% H3PO4 was used as an external reference.
METHODS
Preparation of S-Tritvl-0-fbis-(N.N-diisoDroDvlaminoVf3-cvanoethoxv-Dhosphinvll-3-mercaptopropan-1 -ol S-trityl-3-mercaptopropan-1-ol was synthesized according to the procedure of Connolly and Rider (17) . S-trityl-3-mercaptopropan-1-ol (30 mmol, 1.01 g) and diisopropyl tetrazolide (2.25 mmol, .378 g, .75 eq) were placed in a 250 ml round bottom flask and dried overnight, in vacuo, over KOH and then dissolved in 30.0 ml of dry dichloromethane. Bis-(N,N-diisopropylamino)-l3-cyanoethoxyphosphine (4.5 mmol, 1.36 g, 1.5 eq) was added via a syringe though a rubber septum to the reaction vessel. After stirring 2 h, the reaction was complete as judged by TLC (petroleum ether: triethylamine, 9:1; Rf=0.40) and was stopped with 5 ml of methanol. The solution was evaporated to an oil and then dissolved in 4 ml of petroleum ether/triethylamine (9/1). The product was purified by liquid chromatography using 30 g of silica gel packed in petroleum ether/triethylamine (9/1) and eluted with the same solvent. The appropriate fractions were collected and evaporated to an oil. The phosphoramidite derivative could not be precipitated and was stored in a solution of anhydrous diethylether containing a few drops of triethlyamine at 0°C. The product was pure by TLC. 31 P-NMR spectra showed a single peak at 145.40 ppm. The product was stable for 3 months after which some decomposition was noted.
Olioodeoxvnucleotide Synthesis
The oligodeoxynucleotides were synthesized by the phosphite triester method (18) (19) (20) on an Applied Biosystems 380A DNA Synthesizer using (3-cyanoethoxyphosphoramidite nucleoside derivatives. A typical synthesis employed approximately 30 mg of nucleoside bound controlled pore glass support (30 u.mole/g) and the synthetic cycle recommended by the manufacturer. For oligodeoxynucleotides containing a 5'-terminal thiol group, the final coupling was performed using S-trityl-O-[bis-(N,Ndiisopropyl)-l3-cyanoethoxyphosphinyl]-3-mercaptopropan-1-ol. The required amount of the ether solution prepared above was evaporated and the resulting oil was dissolved in acetonitrile to achieve a concentration of 0.2 M and filtered before use. The coupling time for this phosphoramidite derivative was extended to 30 min instead of the usual 30 sec. Upon completion of the synthesis, the oligodeoxynucleotides were deprotected in concentrated ammonia for 1 h at ambient temperature and then overnight at 55°C. The nucleic acid products were purified by reversed-phase HPLC on the 9.4 x 250 mm column using a buffer of 50 mM triethylammonium acetate (pH 7.0) and 14% CH3CN to 50 mM triethylammonium acetate (pH7.0); 45.5% CH3CN in 40 minutes. After purification, the thiol containing oligomers were evaporated to dryness and dissolved in 50 mM triethylammonium acetate (pH 7.0). The solution was treated with a 5 fold excess of AgNO3 to remove the trityl group as described by Connolly and Rider (17) and followed after 30 min with a 7 fold excess of dithiothreitol (DTT) to precipitate the Ag+. After an additional 30 min, the precipitated Ag+ salt was removed by centrifugation. The reaction was monitored by HPLC and appeared to give quantitative yields (using the gradient described above). The supernatant containing the thiol oligodeoxynucleotide was evaporated to dryness, dissolved in 0.5 ml of water and desalted on a Sephadex G-10 column (Pharmacia). Oligodeoxynucleotide products were then lyophilized and stored at -20°C. This procedure typically produced 40 A26O units of the dodecamer and 60 A26O units of the eicosomer. Radioisotopic End-labeling ATP (.62 u.Ci), and 10 units of Polynucleotide T4 kinase were incubated for 18 h at 37°C. The 32 P end-labeled oligodeoxynucleotide was isolated using a Sep-Pak C18
cartridge (Waters Associates; Milford, MA): The cartridge was prewashed with 20 ml of methanol followed by 20 ml of water prior to addition of the reaction mixture. The car-tridge was washed with 15 ml of aqueous 1% methanol to elute any unincorporated ATP and other salts; 9 ml of aqueous 20% methanol was used to elute the 5' -labeled oligodeoxynucleotide. The fractions containing the oligomer were evaporated to dryness and dissolved in 0.4 ml of water. The reaction proceeded with yields varying from 50% to 90%. Coupling of DNA to the Sepharose Matrix
The following procedures employed either Tresyl-activated Sepharose 4B (maximum binding capacity 0.3 ^mole/ml swollen gel) or Epoxy-activated Sepharose 6B (maximum binding capacity 15-20 u.mole/ml swollen gel). These procedures are described for columns of 0.5 ml volume. Larger columns (1.0 ml) were prepared by using corresponding increases of the appropriate reagents.
Method A The support (119 mg dry weight, 0.5 ml of swollen Tresyl-activated Sepharose 4B) was added to 20 ml of 1 mM HCI, pH 3.0, and then washed for 1 h on a sintered glass filter as described by the manufacturer. To the thiol containing dodecamer (.143 lamol, 15.9 A26O units) dissolved in 0.6 ml of coupling buffer (0.1 M NaHCOs, P H 1 0l 0.5 M NaCI) was added the washed Sepharose matrix. The suspension was vortexed frequently for 2.5 h at room temperature before centrifugation and removal of the excess oligodeoxynucleotide in the supernatant. The matrix was further washed with 5.0 ml of coupling buffer. Any remaining matrix bound reactive groups were blocked by treating the gel with 1.0 M aqueous mercaptoethanol overnight at ambient temperature. The matrix was then placed in a water-jacketted column at 15°C and washed three times each with 0.1 M sodium acetate, pH 4.0, 0.5 M NaCI followed by 0.1 M Tris-HCI, pH 8.0, 0.5 M NaCI to remove any noncovalently bound ligand. Finally, the chromatographic matrix was equilibrated with 40 mM Tris-HCI, pH 7.5, 0.2 M NaCI, 5 mM EDTA, 2 mM DTT, and 10% (w/v) glycerol (Buffer A). Because of the self-complementary nature of the thiol containing dodecamer, the resin was washed at 55°C with 5 ml of Buffer A before annealing of the non-thiol containing complementary oligodeoxynucleotide. The complementary 12 mer (16.0 A26O units) dissolved in Buffer A (1.46 mM) was added to the matrix at 55°C and after 15 min allowed to cool slowly to room temperature and then to 15°C in order to insure effective annealing and formation of the double stranded matrix. Unhybridized 12 mer was eluted at 15°Cwith Buffer A.
Method B
In this case, the thiol containing eicosomer and its complementary strand were annealed before the coupling step. The annealing mixture in a total volume of 0.6 ml, containing 28.0 A26O units of thiol containing 20 mer (0.24 mM), 32.0 A26O units of complementary 20 mer (0.28 mM), 0.1 M NaHCC>3, pH 10, and 0.5 M NaCI was heated for 5 min at 75°C. The mixture was allowed to cool slowly to room temperature and then to 15°C before binding to the Tresyl-activated Sepharose 4B. From this point the procedure described in Method A was followed with the exception of the 55°C wash step since the eicosomer was not self-complementary.
Coupling to the Epoxy-activated Sepharose 6B was generally performed by the same procedure with the following exceptions; the pH of the coupling buffer was 8.0 and the time allowed for coupling was extended to 48 h while in a shaker bath.
Loading of the Affinity Matrix
In many cases the annealed oligodeoxynucleotide was radioisotopically labeled with a 5'-terminal phosphomonoester. To determine the loading of the double stranded recognition site on the matrix, a measured volume of the matrix was lyophilized to dryness and the amount of radioactivity determined by scintillation counting. The affinity matrices contained the Eco Rl recognition site at concentrations which varied from 6 u.M to 30 uM. Interaction of Eco Rl with Dodecamer Matrix A 0.5 ml water-jacketted column at 15°C was equilibrated with restriction endonuclease buffer (40 mM Tris-HCI, pH 7.5; 0.2 M NaCI, 20 mM MgCl2, 2 mM DTT) and then incubated with a 100 |al of .21 mg/ml Eco Rl solution overnight (18 h). The column was then washed with 5 ml of restriction endonuclease buffer which was collected and evaporated to dryness. The fraction was dissolved in 0.5 ml of water and analyzed by HPLC on 4.5 x 250 mm reversed-phase column at 50°C (20 mM KH2PO4, pH 5.5; gradient of 0% to 70% methanol in 60 min). The two products of hydrolysis, d(CGCG) and d(pAATTCGCG), eluted at 14.4 min and 17.6 min, respectively. Preparation of the Crude Cell Lysate Isolated plasmid pSCC2, a gift from Dr. Paul Modrich, Duke University, was stored at -20°C in 0.02 M Tris-HCI (pH7.6), 0.05 M NaCI, 1 mM EDTA . For purposes of expressing the Eco Rl endonuclease, plasmid pSCC2 was transformed into M5248 cell line as described by Cheng el aj. (16) . After an appropriate period of growth the cells were harvested by centrifugation. In a plastic centrifuge tube, 0.5 g of cell paste was suspended in 5.0 ml of 0.05 M Tris-HCI (pH 7.6), 2 mM DTT, and 10% (w/v) sucrose and then sonicated (4 x 30 sec) in an ice-salt bath. The lysate was clarified by centrifugation at 15,000 rpm for 20 min at 4°C. The supernatant was treated with streptomycin sulfate and the crude protein fraction was precipitated with ammonium sulfate as described previously (16) . The protein pellet (~20 mg) was solubilized in 0.8 ml of Buffer A and then dialyzed overnight at 4°C against the same buffer prior to addition to the DNA matrices. DNA Affinity Chromatography Chromatographic separation on either Sepharose 4B or Sepharose 6B eicosomer matrices (0.5 ml of matrix) was achieved by pipetting a 100 nl aliquot of crude protein solution (obtained as described in the previous section) onto the water-jacketted column at 15°C. After incubation for 1 h, the unbound proteins were eluted from the column by washing with 20 ml of Buffer A (flow equal to 0.5 ml/min). The bound proteins were removed by washing with 9 ml of buffer containing 40 mM Tris-HCI (pH7.5), 1.5 M NaCI, 5 mM EDTA, 2 mM DTT (Buffer B).
For larger matrices (1.0 ml), all of the crude protein solution, approximately 0.8 ml, was pipetted onto the column and allowed to incubate for 5 h at 15°C. Elution was performed as described above (flow rate was 0.2 ml/min).
A sodium chloride step gradient was also employed for the elution of the bound proteins. In this case successive 1.0 ml aliquots of buffer each with a 100 mM increase in NaCI concentration (0.5 M to 1.5 M NaCI) were added to the column. The endonuclease eluted from 0.7 to 1.0 M NaCI.
Eluate containing dilute endonuclease was dialyzed overnight at 4°C against 2 mM Tris-HCI (pH 7.5) and 2 mM DTT. An aliquot was taken for analysis by polyacrylamide gel electrophoresis (21) and the remaining solution was reduced in volume to 0.5 -1.0 ml by covering the dialysis tubing with polyethylene glycol. The solution was then dialyzed overnight at 4°C against 20 mM KH2PO4 (pH 7.5), 0.2 M NaCI, 1 mM DTT, and 0.1 mM EDTA. Glycerol was added to give a final solution of 50% and the enzyme (0.1 to 0.2 mg/ml) was stored at -20°C. Enzvme assays Assays of the enzyme for specific activity employed X DNA (22); cleavage of oligodeoxynucleotides and the ligation-recut assay were performed using standard procedures (23 -25) .
RESULTS
In order to effectively exploit sequence specific protein-nucleic acid interactions for the isolation of desired DNA binding proteins or catalytically active enzymes, we have prepared chromatographic matrices containing short oligodeoxynucleotides of defined sequence. Instead of using cyanogen bromide activated matrices and relying upon random covalent attachment of the nucleic ligand to the matrix, we have used a more specific reaction between a thiol residue and a matrix bound epoxide or trifluoromethylsulfonic ester. The specificity of the attachment of the ligand to the matrix is a result of the small spacer arm with a terminal thiol group bound to the 5'-terminus of one of the oligodeoxynucleotides composing the double stranded recognition site. By preparing the spacer arm as a phosphoramidite derivative, the spacer arm can be coupled to the growing oligodeoxynucleotide chain during normal chemical synthetic procedures. Coupling of this fragment to a thiol specific affinity support should occur exclusively though the spacer arm and allow the recognition sequence to be extended into solution away from the matrix surface. Although the use of a thiol containing spacer arm precludes the possibility of ligating the oligomers to form longer fragments containing multiple recognition sites, we felt that the specificity of ligand attachment to the matrix would be advantageous, providing that a suitable concentration of ligand could be introduced onto the support. The use of short oligodeoxynucleotides in place of plasmid or large DNA fragments also has the obvious advantage that the chemical synthesis of short oligomers is now a routine procedure. Thus, the selectivity of the nucleic acid affinity matrix could be readily altered simply by changing the sequence of the chemically synthesized oligodeoxynucleotide.
Unlike the isolation of sequence specific DNA binding proteins (6) (7) (8) , the purification of enzymes, especially restriction endonucleases, presents problems in that the enzyme-substrate binding interaction is followed by a catalytic event, in this case hydrolysis of a specific phosphodiester bond. In order to prevent the degradation of the matrix bound nucleic acid affinity ligand as a result of normal catalytic processes, the conditions of adsorption and desorption of the enzyme from the oligodeoxynucleotide ligand must inhibit the disadvantageous hydrolytic properties while still exploiting the advantageous sequence specific binding properties of the protein. Since many hydrolytic enzymes require a metal cofactor for catalysis, we used 5 mM Na2EDTA to sequester any metal ions present in solution. This approach has been reported to protect DNA cellulose materials from degradation by non-specific nucleases (9) . It additionally relies upon previous experiments indicating that in the absence of magnesium the Eco Rl restriction endonuclease forms a long lived complex with its recognition site (26-28).
Tresyl-activated Sepharose 4B and Epoxy-activated Sepharose 6B contain trifluoromethylsulfonic acid esters or terminal epoxide residues, respectively, for specific reaction with thiol ligands. The two materials differ somewhat in pore size and maximum ligand binding capacity. Pore size is an important parameter in affinity chromatography in that it affects the accessibility of the protein to the matrix bound ligand (29, 30) . Ligand binding capacity is equally important in that it determines the concentration of matrix bound ligand available to the protein (31-33). Although we have used both types of modified agaroses for the preparation of the present nucleic acid affinity materials, we have more commonly employed Epoxy-activated Sepharose 6B rather than the Tresyl-activated Sepharose 4B since the ligand binding capacity of the former is much higher (15-20 u.mol/ml vs. 0.3 u.mol/ml, respectively) while differences in exclusion limits (4.6 x 106 vs. 2.0 x 107, respectively) were only minimal.
Preparation of the Oligodeoxvnucleotide Affinity Matrices
The two affinity matrices prepared in this study, containing either a double stranded dodecamer ligand or a double stranded eicosomer ligand, are illustrated in Figure 1 . The double stranded character of either ligand relies upon complementary
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GpCpCpTpRpTpRpTpRp CpTpTpRpRpG pCpGpCpGpC base pairing interactions between the two oligodeoxynucleotides. Two methods were used to form the required double stranded recognition site for the endonuclease. In the first, the thiol containing oligodeoxynucleotide was covalently attached to the support and annealing of the complementary strand followed (Method A). In the second method, the thiol containing oligodeoxynucleotide and its complementary strand were annealed in solution prior to attachment of the double stranded fragment to the matrix (Method B). With both methods, the ligand concentration during the coupling procedure was approximately 0.20 mM. A control reaction indicated that in the absence of the terminal thiol group no non-specific binding of a radioisotopically [^2P] labeled oligodeoxynucleotide to either matrix occurred.
With terminal radioisotopic [32p] labeling of the non-thiol containing complementary strand, the concentration of double stranded recognition sites present could be determined from the radioactivity present in a small portion of the lyophilized matrix (scintillation counting). These experiments indicated that the double stranded recognition sequence was present at concentrations which varied from 6 to 30 nM (6 to 30 nmol/ml). Although the concentration of the covalently bound thiol-containing oligodeoxynucleotide may be higher than the values determined in this manner (particularly when Method A is employed), this procedure should accurately reflect the concentration of the double stranded ligand present on the matrix. The ligand loading achieved with these procedures represents only a small number of the total binding sites available on either support. Loading of the matrix increased only minimally when the coupling period for the ligand and the matrix was extended beyond 48 hours (a reaction time of one week only raised the matrix bound ligand concentration to 58 u.M). Increasing the concentration of the ligand during the coupling reaction from 0.20 mM to 1.0 mM did not result in a significant increase in the amount of double stranded ligand bound to the matrix. Matrix Bound Liqand-Protein Interactions Protein-ligand (enzyme-substrate) interaction experiments were initially performed with the dodecamer affinity matrix (Fig. 1a) . Prior to chromatographic applications, it was first necessary to determine whether the endonuclease could locate the immobilized matrix bound double stranded oligodeoxynucleotide recognition site. A small aliquot of purified Eco Rl endonuclease was added to the column (0.5 ml) and incubated in the presence of magnesium and conditions (see Methods) which would promote the hydrolytic reaction. The column was then washed and the eluate was collected and concentrated. Analysis by HPLC resulted in two peaks; one corresponding to d(CGCG) at 14.4 min and the other corresponding to d(pAATTCGCG) at 17.6 min (data not shown). The hydrolysis products d(CGCG) and d(pAATTCGCG) were obtained in the expected 1 to 2 ratio, respectively [with this procedure, the second d(CGCG) fragment will remain bound to the support via the covalent thioether linkage].
DNA Affinity Chromatography
Isolation of the endonuclease from crude cell lysate was done exclusively with the double stranded eicosomer matrix. A solution of crude cellular proteins (approximately 20 mg and containing from 1 -3% endonuclease) was incubated with the matrix in the presence of Na2EDTA for varying times from one to five hours to allow for diffusion processes within the matrix and the formation of the enzyme-substrate complex. Elution of non-bound proteins was achieved by washing the column with a buffer containing sodium chloride (0.2 M). This was followed by a single step or multistep increase of the salt concentration to elute any bound protein. Fractions of 1 ml were collected, dialyzed and aliquots were analyzed by electrophoresis on denaturing polyacrylamide gels. A typical example of such an analysis for a single step salt gradient is shown in Figure 2 . The high salt wash (1.5 M) eluted largely the desired protein. The restriction endonuclease could be obtained in higher purity if a multistep salt gradient was used. In this case the enzyme was observed to elute from 0.7 to 1.0 M sodium chloride (Fig. 3) . The endonuclease isolated with the multistep salt gradient was purified to near homogeneity (75%-85% pure) as determined by densitometry. Typically, 0.1 to 0.2 mg of enzyme was obtained from a total of 0.5 g of cell paste using a 1.0 ml column. This was typically 30 -40% of the restriction endonuclease available in the crude protein fraction. Some of the endonuclease was not retained on the column although this was difficult to quantitate since the enzyme appeared to be 10 Figure 2 . Denaturing 10% polyacrylamide gel electrophoresis of the eluate obtained from the nucleic acid affinity matrix containing the eicosomer. Lane 1: Authentic sample of the Eco Rl restriction endonuclease. Lane 2: Crude protein mixture obtained from E. coli strain M5248 transformed with plasmid pSCC2 after cell lysis and removal of the nucleic acid material by streptomycin sulfate precipitation. The remaining lanes contain material eluted from the 0.5 ml column and collected in 1 ml fractions. Elution was at 15oC using 0.04 M TrisHCI, pH 7.5, 5 mM Na2EDTA, 2 mM dithiothreitol and 0.2 M NaCI. present in a number of column fractions but in relatively low concentration. The specific activity of the isolated enzyme was determined by following the hydrolysis of the decamer d(CTGAATTCAG) with both the isolated and an authentic sample of the endonuclease of known specific activity (2.0 x 10^ units/mg; where 1 unit equals the amount of enzyme necessary to hydrolyze 1 ng of DNA in 1 h at 37°C). Based upon the purity of the protein, the isolated enzyme had a specific activity of 1.87 x 10& u/mg.
The enzyme purified from the eicosomer matrix was then examined for specificity as well as the presence of contaminating non-specific nuclease activity. The restriction digest pattern of lambda DNA obtained from an authentic sample of Eco Rl endonuclease was identical to that of the isolated endonuclease as shown by electrophoresis on 0.8% agarose gels (data not shown). In order to determine if there was contamination of the enzyme with nonspecific nucleases, a ligation-recut assay was done. Digestion, ligation, and redigestion of lambda DNA showed no change in the pattern of DNA present. Greater than 90% of the digested fragments could be ligated for redigestion as determined by electrophoresis on 0.8% agarose gels. Incubation of the isolated endonuclease with the decamer, d(CTGAATTCAG), produced the expected hydrolysis products. Analysis by HPLC showed two oligomer fragments; d(CTG) at 22 min and d(pAATTCAG) at 23.5 min (Fig. 4) . The chromatogram showed no evidence of nonspecific endonuclease or exonuclease activity present in the enzyme preparation.
The affinity column could be used repeatedly to isolate the endonuclease from crude cell extract with only small decreases in efficiency. Some ligand was lost from the matrix over a period of time as determined from the radioisotopic content. However, the original matrix bound ligand concentration could be regenerated by adding more of the complementary non-thiol containing oligodeoxynucleotide and heating the matrix to 70°C followed by slow cooling. 
DISCUSSSION
In order to prepare an effective affinity matrix, the interaction of the protein (enzyme) with the matrix bound ligand (substrate) must occur essentially as that observed in solution. This efficiency of this interaction will be determined by the properties of the chromatographic support, the spacer arm and the ligand.
For the present work, Epoxy-activated Sepharose 6B was the chromatographic matrix of choice although Tresyl-activated Sepharose 4B could also be employed. The former contains a higher concentration of active ligand binding sites (15-20 |imol/ml for Epoxy-activated Sepharose 6B versus 0.3 jimole/ml for Tresyl-activated Sepharose 4B). However, in our hands, the amount of nucleic acid bound to either support represented only a very small fraction of the sites available for reaction. A higher fraction of the reactive sites could be modified when using Tresyl-activated Sepharose 4B, but with the lower ligand capacity available with this material, we were still unable to prepare a matrix with a ligand concentration higher than approximately 30 |iM (modification of 10% of the available sites). This relatively low loading may in part reflect the inherent exclusion properties of the Sepharoses in which case many of the active residues imbedded in the pores would be less available for reaction (29, 30, 34) . The concentration of ligand (0.2 mM) present during the coupling reaction might also account for the relatively low ligand loading except that increasing the ligand concentration five fold did not significantly improve the efficiency of binding and had the additional disadvantage that much larger quantities of the desired oligodeoxynucleotide were required. In order to compensate for low ligand concentration we extended the reaction time for ligand binding considerably but without much increase in loading. However, with long reaction times, competing hydrolysis of the matrix bound trifluorosulfonic acid esters or epoxy residues may effectively reduce the number of reactive sites available on the support.
With the present matrices we have employed a spacer arm as a means to attach the nucleic acid to the Sepharose support via a single, known covalent bond. Unlike physically "trapping" the DNA within the matrix (6,10), the thioether bond, which tethers the oligodeoxynucleotide to the support, prevents leaching of the ligand and extends the lifetime of the column. In addition, the point of attachment is distant from the recognition site and unlikely to significantly interfere with the protein-ligand (enzyme-substrate) interaction. The spacer arm should allow the recognition site to be extended away from the surface of the chromatographic support. Cyanogen bromide activated supports can be used in a similar fashion for the coupling of primary amino groups, largely originating on the nucleobase residues, to the support (35, 36) . Kadonaga and Tjian (7) have used this approach and produced a column with a maximum theoretical protein binding capacity of 2 -3 nmol/ ml (2 -3 nM). This value is somewhat lower than obtained with the present procedure and reflects a significant reduction in actual support modification since multiple recognition sites were introduced with each covalent attachment of a nucleic acid fragment. Previous reports have also indicated that the lack of specificity in ligand attachment when using cyanogen bromide activated matrices can result in complications if an important functional group within the binding site is lost or, if binding of the nucleic acid results in a change in the tertiary structure of the ligand with a corresponding reduction in affinity for the complementary protein (37) (38) (39) .
Protein isolation experiments were done strictly with the eicosomer affinity matrix primarily because of the enhanced stability of the double stranded ligand which relies upon Watson-Crick hydrogen bonding between the two DNA strands. The eicosomer matrix exhibited a longer lifetime than the dodecamer matrix as determined by retained radioactivity during the elution of the column.
For effective affinity chromatography , the ligand should have an affinity for the protein in the range of 10 -4 to 10* 8 M. With higher dissociation constants (K^), the binding interaction will be too weak to effectively retard the flow of the protein. Conversely, with lower K<j values, it may be impossible to desorb bound protein without inactivating the biomolecule or destroying the matrix. The dissociation constant for the Eco Rl restriction endonuclease in the absence of magnesium is dependent upon the salt concentration and has been reported as low as 10" 11 M (26) . However, at a sodium chloride concentration of 0.2 M the dissociation constant lies between 10"6 and 10 ' 7 M (27), a range which is ideal for the present affinity chromatography procedure.
Sequestering the metal ions available in the cell lysate and buffer solutions by using Na2EDTA appears to be an effective and simple procedure in order to inhibit the catalytic properties of the enzyme while exploiting sequence specific recognition. Although it is known that the Eco Rl restriction endonuclease forms a highly specific complex with its recognition site in the absence of magnesium it is unclear whether this will be a useful general method for the isolation of other restriction endonucleases or is only fortuitous in this case.
In previous work (7) it was necessary to pretreat the protein fraction with DNA in order to inhibit retention of nonspecific proteins by providing competitive binding interactions. This was not necessary with the present matrices which suggests that ligands composed of short oligodeoxynucleotides rather than longer polymeric materials result in less non-specific protein retention.
We were able to obtain the endonuclease directly from the precipitated crude protein fraction without any preliminary purification using column chromatography. This was partly the result of the use of an overexpressing cell strain which produced the enzyme in concentrations of 1 -3% of the available protein. The isolation of other sequence specific binding proteins present in lower concentrations may require partial purification by additional chromatographic step(s) prior to the affinity chromatography procedure.
It was observed that some degradation of the nucleic acid matrix occurred after repeated uses of the matrix. This appears to be largely caused by the loss of the noncovalently bound DNA strand since the matrix can be regenerated by addition of excess complementary DNA. This observation seems to preclude that nonspecific nucleases in the crude protein fraction are largely responsible for matrix degradation. Although other nucleases can be expect to be present in the crude cell lysate, the use of Na2EDTA in the eluting buffer as described originally for DNA cellulose (9) appears to protect the matrix bound ligand from the nonspecific as well as the sequence specific (Eco Rl) hydrolytic enzymes.
The pSCC2 plasmid allows for the overexpression of both the endonuclease and methylase (16) . We did not observe any significant retention of the Eco Rl methylase using the present matrices. However, the observation of a long lived DNAmethylase complex has not been reported to date.
Although the efficient isolation of the Eco Rl restriction endonuclease has been reported previously (16) , this approach to matrix preparation should be useful for the isolation of less well characterized sequence specific DNA binding proteins.
